Introduction
============

Ovarian cancer is the leading cause of death among malignancies of the female reproductive system, resulting in ∼125 000 deaths annually.^[@bib1]^ Because of the wide variety of symptoms of ovarian cancer, most patients are in advanced stages (International Federation of Gynecology and Obstetrics (FIGO) stage III and IV) at the time of initial diagnosis,^[@bib2]^ and the 5-year overall survival rates are only 30--40%.^[@bib3],\ [@bib4]^ The current therapy for ovarian cancer is debulking surgery followed by chemotherapy using carboplatin and paclitaxel (PTX).^[@bib5]^ Although ovarian cancer in advanced stages initially appears to be chemotherapy sensitive as response rates to platinum-based therapy exceed 80%, long-term survival remains poor as a result of recurrence and emergence of drug resistance.

MicroRNAs (miRs) are endogenous non-coding RNAs of ∼23-mer, which have important roles in regulation of gene expression. Mature form of miRs silence gene expression by binding to the 3′-UTR of target mRNAs and initiate translational repression or cleavage of cognate mRNAs.^[@bib6]^ Following the initial demonstration of the important role for miR in human cancer, such as downregulation of miR-15a-miR-16-1 in chronic lymphocytic leukemia,^[@bib7]^ a number of cancers have been shown to exhibit distinct miR expression patterns related to various phenotypes with remarkable cytogenetic abnormalities.^[@bib8],\ [@bib9]^ Implication of miR in chemoresistance was reported in several cancers other than ovarian origin.^[@bib10],\ [@bib11]^ Although there was a report for correlation of miR, such as let7i, for chemoresistance of ovarian cancer,^[@bib12]^ the precise mechanism underlying the association is unknown.

In this study, we aimed to investigate the correlation between miR and sensitivity to PTX, and demonstrated that miR-31 was decreased in chemoresistant ovarian cancer. In addition, one of the direct targets of miR-31 was found to be receptor tyrosine kinase MET, and upregulation of MET caused the chemoresistance to PTX. These results suggest that MET inhibitors administered concurrently with PTX could prevent the development of resistance to PTX.

Results
=======

miR-31 was downregulated in ovarian cancer cells that acquired PTX resistance
-----------------------------------------------------------------------------

To identify miRNAs that potentially cause the resistance to taxanes, such as PTX, we performed microarray analysis of miRNAs in KFr13 and PTX-resistant KFr13Tx cells. Fifty-five miRNAs were found to be downregulated below the half amount, while two miRNAs were upregulated more than twofold in KFr13Tx cells compared with wild-type KFr13. miRNAs that exhibited remarkable alterations are shown in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}. Among these miRNAs, we focused on miRNA-31 (miR-31) because miR-31 was the only miR that has been reported to regulate tumor phenotype, an anti-metastatic effect in breast cancer.^[@bib13]^ In fact, miR-31 was negatively correlated with IC50 values of PTX between six cell lines including KFr13, RMG-1, SK-OV-3, OVCAR-3, KF and TU-OM-1 ([Figure 1a](#fig1){ref-type="fig"}).

Overexpression of miR-31 re-sensitized PTX-resistant ovarian cancer cells to PTX *in vitro*
-------------------------------------------------------------------------------------------

To confirm the results of array analysis in which levels of miR-31 was decreased in PTX-resistant cells, quantitative real-time PCR analysis was performed, and as expected, the levels of miR-31 was significantly suppressed in KFr13Tx cells ([Figure 1b](#fig1){ref-type="fig"}). To assess the biological role of miR-31, we next tried to establish ovarian cancer cells overexpressing miR-31 by introducing pre-miR31 using lentivirus vectors. We used KFr13Tx cells because miR-31 was substantially decreased in KF13rTx when it acquired PTX resistance among several cell lines mentioned above and lentivirus vector was efficiently transfected in this cell line. Finally, we established KFr13Tx cells overexpressing three different levels of miR-31 designated as KFr13Tx miR-31(1), miR-31(2) and miR-31(3) ([Figure 1c](#fig1){ref-type="fig"}), and performed MTT assays to evaluate the sensitivity to PTX. After incubation with 500 nℳ of PTX for 72 h, we found that the ovarian cancer cells with higher amounts of miR-31 exhibited lower cell viability ([Figure 1d](#fig1){ref-type="fig"}). Conversely, inhibition of miR-31 expression in KFr13 cells by oligonucleotides increased cell viability after incubation with 500 nℳ PTX for 48 h ([Figure 1e](#fig1){ref-type="fig"}). It is notable that miR-31 introduction did not change the sensitivity to other agents such as carboplatin, irinotecan, doxorubicin and gemcitabine in KFr13Tx ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}). These results suggested that the decrease of miR-31 caused PTX-specific resistance in KFr13.

miR-31 reduced protein levels of MET through the inhibition of translation
--------------------------------------------------------------------------

To elucidate the mechanism by which miR-31 regulates PTX sensitivity, *in silico* prediction models were employed to identify the target mRNA of miR-31 for chemosensitivity in ovarian cancer^[@bib6]^ ([Supplementary Table 3](#sup1){ref-type="supplementary-material"}). Among these targets, we focused on receptor tyrosine kinase MET because one potential binding site for miR-31 was found in 3′-UTR of MET mRNA ([Supplementary Figure S1a](#sup1){ref-type="supplementary-material"}). To ensure that MET is a *bona fide* target of miR-31, RNA fragments that bind to Ago2 were analyzed, and the 3′-UTR region of MET was found to be isolated from the Ago2-dependent immunoprecipitated RNA fraction of KFr13Tx miR-31 cells ([Figure 2a](#fig2){ref-type="fig"}). For further confirmation, the protein levels of MET was analyzed in KFr13 cells overexpressing miR-31, and we found that MET was downregulated in miR31-overexpressing cells in a dose-dependent manner ([Figure 2b](#fig2){ref-type="fig"}). As expected, the expression level of MET was increased in KFr13Tx cells compared with that in KFr13 cells ([Figure 2b](#fig2){ref-type="fig"}). Conversely, an increase of MET protein levels was observed after introduction of anti-miR-31 oligonucleotides into KFr13 cells ([Supplementary Figure S1b](#sup1){ref-type="supplementary-material"}). The same tendency that ovarian cancer cells with higher miR-31 showed lower MET expression was also observed in other cell lines used in the PTX sensitivity experiment mentioned above. Expression of MET was extremely low in RMG-1 and relatively low in SK-OV-3, OVCAR-3 and KFr13, and high in KF and TU-OM-1, both of which were resistant to PTX and expressed low miR-31 ([Figure 2c](#fig2){ref-type="fig"}). Subsequently, we analyzed the mechanism by which miR-31 regulates endogeneous protein levels of MET, focusing on transcriptional or translational regulation. As no significant difference of MET mRNA was observed between KFr13 and KFr13Tx cells ([Figure 2d](#fig2){ref-type="fig"}), miR-31 did not seem to inhibit transcription. On the other hand, when translation was inhibited by CHX, levels of MET were decreased, suggesting translational regulation of MET by miR-31, although a decrease in MET levels in the presence of CHX does not necessarily demonstrate a direct translational regulation of MET by miR-31, as the suppressive effect by CHX on translation is nonspecific and may inhibit expression of various proteins including those affecting the regulation of MET levels. The levels of MET were low in spite of the presence or absence of CHX in case of miR31-overexpressing cells ([Supplementary Figure S1c](#sup1){ref-type="supplementary-material"}).

To ensure that MET mRNA is a target of miR-31, we utilized a luciferase reporter assay. Normalized luciferase activity revealed that miR-31 significantly suppressed the activity of luciferase combined with wild-type MET 3′-UTR in KFr13Tx miR-31 cells, whereas no difference was observed with the control luciferase vector ([Figure 2e](#fig2){ref-type="fig"}). Furthermore, miR-31 did not affect luciferase with MET 3′-UTR possessing a mutation in the putative miR-31-binding site in KFr13Tx miR-31. These results suggest that miR-31 directly suppressed the protein expression of MET *via* sequence-specific interactions with 3′-UTR of MET mRNA.

As MET was reported to be degraded by the ubiquitin-proteasome pathway,^[@bib14]^ we utilized a proteasome inhibitor, MG132, to exclude the possibility that miR-31 indirectly regulates protein levels of MET through a ubiqutin-dependent protein degradation mechanism. After treatment with MG132 for 4 h, MET expression in KFr13Tx miR-31 was not altered by inhibition of proteasome function, while the amount of p53 was increased as positive control for ubiquitin-dependent protein degradation^[@bib15]^ ([Supplementary Figure S1d](#sup1){ref-type="supplementary-material"}). These results suggest that miR-31 directly binds to MET mRNA and regulates MET expression by translational inhibition.

MET contributes to PTX resistance of ovarian cancer cells
---------------------------------------------------------

To investigate whether MET is responsible for the resistance of KFr13Tx cells to PTX, expression of MET was suppressed by three different small interfering RNAs (siRNAs) ([Figure 3a](#fig3){ref-type="fig"}, bottom) and the treated cells were evaluated for chemosensitivity by the MTT assay. After incubation with 500 nℳ of PTX for 72 h, significantly lower viability was observed in cells with MET suppression, whereas nonspecific siRNA did not affect the viability of KFr13Tx cells ([Figure 3a](#fig3){ref-type="fig"}, top). These results suggest that MET contributes to chemoresistance to PTX in ovarian cancer cells.

Based on our results suggesting the presence of MET-dependent chemoresistance, we explored molecular-targeting treatments to determine whether MET inhibitors could re-sensitize resistant tumors to PTX. Two different MET kinase inhibitors, SU11274 and PHA665752, were utilized at the concentration with minimum effect on viability of KFr13Tx mock cells ([Figure 3b](#fig3){ref-type="fig"}, lanes 1 and 2). At this concentration, the protein levels of phospho-MET and phospho-Akt were significantly decreased ([Figure 3b](#fig3){ref-type="fig"} bottom). After incubation with MET inhibitors together with PTX, the KFr13Tx cells were sensitive to PTX. Furthermore, even in the presence of HGF stimulation, MET inhibitors reversed the chemoresistance to PTX in KFr13Tx cells ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Based on these results, we concluded that the downregulation of miR-31 induced chemoresistance of ovarian cancer cells to PTX through the upregulation of MET *in vitro*.

Overexpression of miR-31 re-sensitized PTX-resistant ovarian cancer cells to PTX *in vivo*
------------------------------------------------------------------------------------------

To investigate the effects of miR-31 on PTX sensitivity *in vivo*, we examined a murine xenograft tumor model. KFr13Tx mock or miR-31 were injected subcutaneously into the flank of mice, and chemosensitivity of the tumors was evaluated. Without PTX treatment, the weight of the tumors was similar in mock and miR31-overexpressing KFr13 cells. In contrast, under treatment with PTX, miR31-overexpressing tumors were significantly smaller than that of mock expressing tumors ([Figure 4a](#fig4){ref-type="fig"}, top). Consistent with the smaller tumor size, mice harboring miR31-overexpressing tumor survived longer during the treatment with PTX ([Figure 4a](#fig4){ref-type="fig"}, bottom). The weights of subcutaneous tumor nodules derived from drug-resistant KFr13Tx mock cells were reduced by the combination of MET inhibitor SU11274 with PTX ([Figure 4b](#fig4){ref-type="fig"}, top). Furthermore, overall survival of the mice with the KFr13Tx mock tumors was found to be improved by the combination treatment of MET inhibitor with PTX ([Figure 4b](#fig4){ref-type="fig"}, bottom). These results suggest that the combination of PTX and SU11274 may be an option for the treatment of ovarian cancer refractory to PTX.

Lower expression levels of miR-31 and higher levels of MET in human ovarian cancer specimens are associated with chemoresistance
--------------------------------------------------------------------------------------------------------------------------------

To explore the relevance of our findings to the clinic, we analyzed the expression levels of miR-31 in surgical specimens from human ovarian cancer patients ([Table 1](#tbl1){ref-type="table"}). We needed to investigate the patients with measurable target lesions in advanced-stage cancer, namely with suboptimal resection, to examine the correlation between chemosensitivity and miR-31 expression and selected the patients with serous adenocarcinomas that usually show advanced-stage disease.^[@bib16]^ All 12 cases were women with serous adenocarcinomas with FIGO Stage IIIc or IV,^[@bib16]^ who underwent surgery as their initial treatment. As the initial surgery was suboptimal in all patients, the subjects were stratified by response to subsequent chemotherapy (more than three courses in all cases) according to the Response Evaluation Criteria in Solid Tumors (RECIST version1.1).^[@bib17]^

The 12 tumors were divided into two groups, sensitive and resistant, based on the response to chemotherapy. We found that the expression levels of miR-31 were lower in resistant tumors compared with sensitive ones ([Figure 5a](#fig5){ref-type="fig"}). Moreover, the lower expression of miR-31 strongly correlated with reduced overall survival in Stage IIIc patients, who were treated with PTX and carboplatin ([Figure 5b](#fig5){ref-type="fig"}). In agreement with our *in vitro* data, the higher protein levels of MET were correlated with lower levels of miR-31 in the cohort analysis of the tumors ([Figure 5c](#fig5){ref-type="fig"}). These data suggest the levels of miR-31 may predict the response to standard chemotherapy in ovarian cancer and serve as a prognostic factor.

Discussion
==========

The survival rate of early ovarian cancer is good and the outcome of early-stage disease might largely depend on the surgical factor, that is, the complete resection of tumors. On the other hand, the prognosis of the patients with optimally resected stage III--IV ovarian cancer is also known to be relatively good. However, when there are residual tumors of a size more than the greatest dimension of 1 cm, the prognosis of those patients largely depends on chemosensitivity, because complete resection of the residual tumors will be possible when chemotherapy is effective.^[@bib18]^ As ovarian cancer is usually undetected until it reaches an advanced stage, ∼50--60% of patients gain no improvement in their prognosis from cytoreductive surgery.^[@bib19]^ However, there is a certain population of women who have disease that is highly responsive to chemotherapy with PTX after suboptimal surgical ablation and who achieve a long survival.

In this study, we aimed to identify markers that identify chemotherapy responder patients by the comparing characteristics of chemosensitive and chemoresistant ovarian cancer cells. We discovered that tumor miR-31 expression levels might be a useful marker of chemotherapy response. In addition, we also demonstrated that MET is one of the targets of miR-31, whose overexpression is responsible for chemoresistance. Moreover, we provide evidence that poor responders might be rescued by a combination of standard chemotherapy with inhibitors for MET.

PTX is thought to dysregulate tubulin polymerization and microtubule formation,^[@bib20]^ inhibiting cell cycle and mitosis resulting in apoptosis of tumor cells.^[@bib21]^ Previously, several mechanisms for development of PTX resistance have been reported.^[@bib22],\ [@bib23],\ [@bib24],\ [@bib25],\ [@bib26]^ Amplification and increased expression of MDR1-encoded phosphoglycoprotein (PGP), which belongs to the superfamily of ATP-binding cassette (ABC) transporters, promotes efflux of anticancer drugs such as PTX.^[@bib27]^ It is noteworthy that one of these transporters, ABCB9, was a candidate target of miR-31, but protein expression levels of ABCB9 were similar between KFr13Tx mock and KFr13Tx expressing miR-31 (data not shown). The detailed molecular mechanisms that may contribute to drug resistance in ovarian cancers are still not fully understood, and new therapeutic strategies to overcome drug resistance need to be established.^[@bib5]^

Recently, versatile roles for miRs have been identified in various human cancers^[@bib9]^ and there are several reports about the correlation between miRs and chemoresistance. Upregulation of miR-125b and repression of its direct target Bak1 inhibited PTX-induced apoptosis in breast cancer.^[@bib10]^ miR-199a-3p increased doxorubicin sensitivity of human hepatocarcinoma cells by repressing mTOR.^[@bib11]^ miR-21 induced resistance to 5-fluorouracil by downregulating human DNA MutS homolog2 (hMSH2) in colorectal cancer cells, and reducing G2/M arrest and apoptosis following exposure to 5-fluorouracil.^[@bib28]^ These reports suggest that miRs are potential targets for the development of novel approaches for cancer treatment. In this study, we compared the profiles of miRs between PTX-resistant and their chemosensitive parental cells, and demonstrated a role for miR-31 in ovarian cancer chemoresistance. Thus, miR profiling and the identification of miR targets is a fruitful approach to identify the molecular basis of cancer cell phenotypes.

It should be noted that, beside miR-31, the levels of several cancer-related miRs^[@bib29],\ [@bib30]^ were also significantly altered in the acquisition of chemoresistance ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Thus, miR-31 may not be the only miR regulating the malignant potential of ovarian cancer. Based on our findings, we can conclude that miR-31 is involved at least in PTX resistance of ovarian cancers. Other studies have suggested that miR-221, miR-181b and miR-181d induce tamoxifen resistance in breast cancer, S-1 resistance in colon cancer and docetaxel-induced multidrug resistance in head and neck squamous cell cancer, respectively.^[@bib30],\ [@bib31],\ [@bib32]^ Therefore, there may be tissue specificity for miRs in terms of chemoresistance in various different cancers.

In this present study, we have focused on miR-31 and our data represent the first demonstration of miR-31-mediated chemoresistance. However, it should be noted that miR-31 might have other roles associated with human cancers. Overexpression of miR-31 inhibits cancer cell proliferation by p53-dependent mechanisms in ovarian cancer cells.^[@bib33]^ miR-31 was also reported to inhibit metastasis, while it enhanced primary tumor growth of breast cancer.^[@bib13]^ Furthermore, there is a report suggesting that miR-31 inhibits cell proliferation, migration and invasion in malignant mesothelioma.^[@bib34]^ Contributions of miR-31 to the activation of hypoxia-inducible factor for development of head and neck squamous cell cancer were also described.^[@bib35]^ Considering these reports, the roles of miR-31 in tumor cell proliferation and metastasis are complex.

The HGF receptor tyrosine kinase MET was originally isolated as oncogene product and is well known to possess versatile roles in cells including cancer cell invasion, motility and growth.^[@bib36]^ Recent studies have highlightened the effects of MET inhibitors on lung cancer with mutations of EGFR and amplification of MET.^[@bib37],\ [@bib38]^ MET has been shown to mediate apoptotic resistance to therapeutic drugs in case of ovarian cancer through the activation of a PI-3 kinase-/AKT-dependent mechanism.^[@bib39],\ [@bib40]^ Multikinase inhibitors suppressing MET and VEGFR activity have been reported to inhibit proliferation and metastasis of ovarian cancer.^[@bib41]^ Together with the report that MET was frequently expressed in ovarian cancers, and elevated levels of MET correlate with lower overall survival,^[@bib42]^ our results suggest that concurrent use of MET inhibitor with conventional anticancer drugs may improve outcomes for ovarian cancer patients.

In conclusion, the present study suggests that downregulation of miR-31 induces resistance of ovarian cancer to taxanes like PTX through upregulation of MET. Our findings provide a basis for clinical studies to determine if miR-31 expression levels are a marker of chemosensitivity in ovarian cancer patients, and if MET kinase inhibitors can rescue the PTX response in women with chemoresistant ovarian cancers.

Materials and methods
=====================

Cell lines
----------

Human KF ovarian cancer cells and KFr13 cisplatin-resistant KF ovarian cancer cells were kindly provided by Prof Yoshihiro Kikuchi (National Defense Medical College, Saitama, Japan).^[@bib43]^ SK-OV-3 and OVCAR-3 were obtained from the ATCC (Manassas, VA, USA). RMG-1 was obtained from Health Science Research Resources Bank (Osaka, Japan). TU-OM-1^[@bib44]^ was kindly provided by Dr Junzo Kigawa (Tottori University School of Medicine). KFr13, KF were maintained in RPMI 1640 with 10% fetal bovine serum (FBS), 2 mℳℒ-glutamine and 100 U/ml penicillin and streptomycin. To establish PTX-resistant KFr13 (KFr13Tx), cells were cultured with 2 nℳ of PTX, then the PTX concentration was gradually increased to 30 nℳ. SK-OV-3 was maintained in McCoy\'s 5a Medium Modified with 10% FBS, 2 mℳℒ-glutamine and 100 U/ml penicillin and streptomycin. OVCAR-3 was maintained in RPMI 1640 with 20% FBS, 0.01 mg/ml bovine insulin, 2 mℳℒ-glutamine and 100 U/ml penicillin and streptomycin. TU-OM-1 was maintained in Dulbecco\'s modified eagle\'s medium with 10% FBS, 2 mℳℒ-glutamine and 100 U/ml penicillin and streptomycin.

Reagents and measurement of drug sensitivity by MTT assay
---------------------------------------------------------

PTX, irinotecan (Sigma, St Louis, MO, USA), MET kinase inhibitors, such as SU11274 (Merckmillipore, Darmstadt, Germany), PHA665752 (Santa Cruz Biotechnology, Dallas, TX, USA), epidermal growth factor receptor inhibitor AG490 (Calbiochem) and proteasome inhibitor MG132 (Sigma), were dissolved in dimethyl sulfoxide (DMSO). Recombinant human hepatocyte growth factor (HGF) (Peprotech, Rocky Hill, NJ, USA) was dissolved in double distilled water (DDW) with 0.9% NaCl. Carboplatin, doxorubicin and gemcitabine (Sigma) were dissolved in DDW. Cycloheximide (CHX) (Sigma) was dissolved in ethanol (EtOH).

The MTT assay was performed for drug sensitivity assays using Cell Proliferation Kit I (Roche, Mannheim, Germany) according to the manufacturer\'s instructions. Briefly, 1.0 × 10^4^ cells were seeded onto 96-well plates in 100 μl culture medium with reagents. An equal volume of DMSO was used as control. The wavelength to measure absorbance of the formazan product was 570 nm, and the reference wavelength was 690 nm.

MicroRNA microarray
-------------------

Microarray analyses were performed as previously described.^[@bib45]^ Total RNA was isolated from KFr13 and KFr13Tx by using RNeasy Mini Kit (Qiagen, Tokyo, Japan) according to the manufacture\'s protocol. In brief, 50 μg of total RNA was enriched for the specimens of small amount of RNA, tailed by using the mirVana miRNA Labeling kit (Ambion, Austin, TX, USA), and fluorescently labeled by using amine-reactive Cy5 dyes (Amersham Pharmacia, Piscataway, NJ, USA). The fluorescence-labeled RNAs were hybridized for 16 h with miRNA array slides. Microarrays were performed using mirVanaTM miRNA Bioarray V2 (Ambion) and scanned by GenePix 4000B (Molecular Devices Inc., Sunnyvale, CA, USA). This microarray carries genes for a total 633 kinds of miRNAs containing 328 human genes, 238 rat genes and 266 mice, with each gene spotted in quadruplicate. Raw data were normalized and analyzed using Array ProTM Analyzer Ver4.5 (Media Cybernetics Inc., Rockville, MD, USA). Analyzed data were selected by using MicroArray Data Analysis Tool (Filgen Inc., Nagoya, Japan).

Overexpression of miR-31
------------------------

Pre-miR-31 was transfected into KFr13Tx using BLOCK-iT Lentiviral miR RNAi Expression System (Invitrogen, Carlsbad, CA, USA) following the manufacturer\'s protocol. The sequences for miR-31 precursor (pre-miR-31) were as follows: forward 5′-TGCTGGGAGAGGAGGCAAGATGCTGGCATAGCTGTTGAACTGGGAACCTGCTATGCCAACATATTGCCATCTTTCC-3′ and reverse 5′-CCTGGGAAAGATGGCAATATGTTGGCATAGCAGGTTCCCAGTTCAACAGCTATGCCAGCATCTTGCCTCCTCTCCC-3′. pcDNATM6.2-GW/EmGFP-miR plasmid (Invitrogen) was used as a negative control (mock). We repeated blasticidin selection at a concentration of 15--90 μg/ml and obtained three clones with different miR-31 expression. Total RNA was extracted by using TRIzol Reagent (Invitrogen). miR-31 was quantified by quantitative real-time PCR using TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) and TaqMan MicroRNA Assays (Applied Biosystems) according to manufacturer\'s instructions. We assessed miRNA expression by relative quantification using the 2-ΔΔCt method^[@bib46]^ to determine fold changes in expression. The small nucleolar RNA RNU44 served as an endogenous control.

Inhibition of translation and of proteasome activity
----------------------------------------------------

Cells with ∼80% confluence in 6-well plate were pretreated with 10 μg/ml of CHX to prevent *de novo* synthesis of MET for 4 h, or 0, 10 and 15 μℳ of MG132 to inhibit proteasome for 4 h. Equal volume of EtOH or DMSO were used as controls.

Luciferase reporter assay
-------------------------

Luciferase vectors (Genecopoeia, Rockville, MD, USA) were employed. The wild-type (NM_000245.2) or mutant MET 3′-UTR sequence was inserted into downstream of the firefly luciferase reporter gene, which was controlled by the SV40 enhancer for expression in mammalian cells (Genecopoeia, HmiT011181-MT01, HmiT011181-MT01-02), whereas no oligonucleotides were inserted in control vector (Genecopoeia, CmiT000001-MT01). Renilla luciferase was used as a tracking indicator for successful transfection. KFr13Tx mock and miR-31 cells with 80% confluence in 6-well plate were transfected with 2 μg of each vector using Lipofectamine 2000 (Invitrogen). Cells were harvested after 48 h and lysed with passive lysis buffer (Promega, Madison, WI, USA). Luciferase activity was measured by a dual luciferase reporter assay system (Promega). Firefly luciferase activities were normalized by the Renilla luciferase activity.

Cloning of target mRNA in miRNA--mRNA--Argonaute2 (Ago2) complex
----------------------------------------------------------------

miRNA--mRNA--Ago2 complex was immunoprecipitated from 7.0 × 10^6^ cells of KFr13Tx mock and KFr13Tx miR-31 using microRNA Isolation Kit, Human Ago2 (Wako, Osaka, Japan), then cDNA amplification from mRNA in miRNA--mRNA--Ago2 complex was performed using Target mRNA Cloning Kit (Wako). PCR amplification of MET 3′-UTR was performed using GoTaq Green Master Mix (Promega). miR-31 in miRNA--mRNA--Ago2 complexes of both cell lines were also quantitatively measured by real-time PCR.

RNA interference for MET
------------------------

Three siRNAs against MET (Thermo Fisher Scientific, Waltham, MA, USA) and non-targeting siRNA (Thermo Scientific Dharmacon) were transfected into KFr13Tx cells by using HiPerFect transfection reagent (Qiagen) in six-well plate. Cells were harvested and lysed after 48 h.

miRNA inhibitor
---------------

Two hundred and fifty nanomolar miRIDIAN microRNA hairpin inhibitor and its negative control (Thermo Scientific Dharmacon) were employed to transiently inhibit miR-31 and transfected 48 h before seeding with Oligofectamine (Invitrogen).

Immunoblotting
--------------

Cells were lysed with lysis buffer (10 mℳ Tris--HCl (pH 7.4), 150 mℳ NaCl, 1 mℳ EDTA, 0.5% NP40, 50 mℳ NaF, 1 mℳ phenylmethylsulfonyl fluoride, 1 mℳ Na~3~VO~4~). Proteins were separated by SDS--polyacrylamide gel electrophoresis and transferred onto a polyvinylidene difluoride filter (Millipore, Billerica, MA, USA) by standard method. Filters were incubated with rabbit polyclonal antibody against MET (Santa Cruz Biotechnology), and mouse monoclonal antibodies against p53 (Dako, Glostrup, Denmark), actin (Millipore) or α-tubulin (Santa Cruz Biotechnology) were incubated overnight at 4 °C, and then with peroxidase-labeled secondary antibodies for 1 h. Proteins were visualized by Novex ECL Chemiluminescent Substrate Reagent Kit (Invitrogen) and quantified using a Lumino Image Analyzer (LAS1000, Fuji Film, Tokyo, Japan).

Reverse transcription PCR
-------------------------

Total RNA was extracted by using TRIzol Reagent (Invitrogen), and reverse transcription was performed using SuperScript II Reverse Transcriptase (Invitrogen) following the manufacturer\'s instruction. The PCR amplification was performed using GoTaq Green Master Mix (Promega). Primers used for expression analysis were as following: pre-miR31---sense, 5′-GGAGAGGAGGCAAGATGCTG-3′ pre-miR31---antisense, 5′-GGAAAGATGGCAATATGTTG-3′: glyceraldehyde-3-phosphate dehydrogenase (GAPDH)---sense, 5′-CTCATGACCACAGTCCATGC-3′: GAPDH---antisense, 5′-TTACTCCTTGGAGGCCATGT-3′: MET---sense, 5′-GGTGAAGTGTTAAAAGTTGGA-3′: MET---antisense, 5′-ATGAGGAGTGTGTACTCTTG-3′: MET 3′-UTR---sense, 5′-TTGAGTTTGGCTGTTGTTGC-3′ MET 3′-UTR---antisense, 5′-CCTGTTGATGGGATGTTTCC-3′.

Human ovarian tumors
--------------------

Tumor specimens from patients with ovarian cancer were obtained from Hokkaido University Hospital under institutional review board-approval. Informed consent was obtained from each patient. Patients treated at Hokkaido University Hospital between 1999 and 2010 were eligible. All samples were obtained at the initial surgery. miRNA was extracted by RecoverAllTM Total nucleic Acid Isolation Kit (Ambion) from formalin-fixed, paraffin-embedded tissues, of which epithelial tumors were confirmed by microscopical examination, and miR-31 was detected by quantitative real-time PCR described above.

Immunohistochemistry
--------------------

The formalin-fixed, paraffin-embedded tissues were used for detection of MET expression. The sections were incubated with anti-MET rabbit monoclonal antibody (EP1454Y) (Abcam, Cambridge, UK) with 1:250 dilution. All of the slides were reviewed by three full-boarded pathologists without knowledge of the clinical data. Immunohistochemical positivities were evaluated by proportion and intensity. For analysis of proportion, four tired evaluation was applied as 0 to 3; as no staining (0), 1--10% (1), 11--50% (2) and 51--100% of tumor cells (3). For evaluation of intensity, there are following four criteria: as negative (0), weak (1), intermediate (2) and strong (3). MET immunohistochemistry score was shown as sum of proportional and intensity scores (0 to 6).

Analysis of tumor-forming potential *in vivo*
---------------------------------------------

All experiments were conducted in accordance with guidelines authorized by the Animal Research Committee Hokkaido University. Six-week-old BALB/c nude mice (Clea, Tokyo, Japan) were injected subcutaneously into their flanks with 2 × 10^7^ KFr13Tx mock or KFr13Tx miR-31 cells in 200 μl of matrigel (BD Biosciences, San Jose, CA, USA) and 50 μl of normal culture medium. PTX and/or SU11274 was administered intraperitonealy at 10 mg/kg, respectively, in 300 μl of normal culture medium on day 1. All mice were killed on day 28 and tumor weight was measured. In another experiment, six-week-old BALB/c nude mice were intraperitonealy injected with 2 × 10^7^ KFr13Tx mock or miR-31 cells. PTX was administered intraperitonealy at 10 mg/kg with or without 3 μℳ of SU11274, respectively, in 300 μl of normal culture medium on day 1 or weekly (days 7, 14 and 21).

Statistical analysis
--------------------

Data were presented as mean±s.e.m., and unpaired two-tailed Student\'s *t*-test was used for comparisons, with *P*\<0.05 considered significant.
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![Overexpression of miR-31 re-sensitized PTX-resistant ovarian cancer cell to PTX *in vitro*. (**a**) Real-time PCR analysis of expression levels of miR-31 and IC~50~ of PTX in six human ovarian cancer cell lines. (**b**) Real-time PCR analysis of expression levels of miR-31 in parental (KFr13) and PTX-resistant (KFr13Tx) cells. \**P*\<0.05. (**c**) Establishment of three cell lines of KFr13Tx expressing miR-31. Expression levels of miR-31 in cells named as miR-31 (1), miR-31 (2) and miR-31 (3) are low, middle and high, respectively. Representative RT--PCR bands are shown as top panel. Real-time PCR analysis of expression levels of miR-31 in miR-31 (1), miR31 (2) and miR (3) are shown in bottom bar graph. Original gel is presented in [Supplementary Figure S3a](#sup1){ref-type="supplementary-material"}, \**P*\<0.05. (**d**) Chemosensitivity to PTX is shown by MTT assay, \**P*\<0.05. (**e**) Effect of anti-miR-31 on chemosensitivity to PTX analyzed by MTT assay, \**P*\<0.05.](oncsis20133f1){#fig1}

![miR-31 regulates MET expression by translation inhibition. (**a**) Detection of MET mRNA by RT--PCR (top panel) and miR-31 by real-time PCR in Ago2-mediated immunoprecipitated RNA fraction in KFr13Tx. Original gel is presented in [Supplementary Figure S3b](#sup1){ref-type="supplementary-material"}, \**P*\<0.05. (**b**) Expression levels of MET in wild-type and miR31-overexpressing cells. Results of immunoblotting of MET and α-tubulin are shown as top panel and the ratio of MET/α-tubulin are shown as bar graph. Original blots are presented in [Supplementary Figure S3c](#sup1){ref-type="supplementary-material"}, \**P*\<0.05. (**c**) Expression levels of MET and miR-31 in six human ovarian cancer cell lines. Results of immunoblotting of MET and α-tubulin are shown as top panel. The ratio of MET/α-tubulin and miR-31 expression is shown in bottom bar and line graph, respectively. (**d**) mRNA levels of MET in KFr13 and KFr13Tx analyzed by RT--PCR are shown as top panel. Ratio of MET/GAPDH is shown as bar graph. Original gel is presented in [Supplementary Figure S3d](#sup1){ref-type="supplementary-material"}. (**e**) Luciferase activity after transfection of the indicated 3′-UTR-driven reporter constructs. Reporter plasmid containing 3′-UTR region of MET as WT3′-UTR and its mutant as mutant 3′-UTR, \**P*\<0.05.](oncsis20133f2){#fig2}

![MET regulates PTX sensitivity in ovarian cancer cell *in vitro*. (**a**) Chemosensitivity to PTX of KFr13Tx analyzed by MTT assay are shown as bar graph (top). Immunoblotting of MET and α-tubulin when siRNAs were transfected (middle panel). The ratio of MET/α-tubulin is shown as bar graph (lower). Original blots are presented in [Supplementary Figure S3e](#sup1){ref-type="supplementary-material"}, \**P*\<0.05. (**b**) Effect of MET inhibitor, SU11274 and PHA665752 on chemosensitivity to PTX analyzed by MTT assay. Effect of MET inhibitor was validated by immunoblotting for phosphorylated form of MET (pMET) and Akt (pAkt). Original blots are presented in [Supplementary Figure S3f](#sup1){ref-type="supplementary-material"}, \**P*\<0.05.](oncsis20133f3){#fig3}

![(**a**, top graph) Overexpression of miR-31 re-sensitized PTX-resistant ovarian cancer cell to PTX *in vivo*. Average of the weight of tumor in flank of mice. Solid bar indicates miR-31-expressing KFr13Tx cells. Open bar indicates KFr13Tx cells. Unpaired one-tailed *t*-test. (**a**, bottom graph) Survival of mice with intraperitoneal injection of KFr13Tx or KFr13Tx expressing miR-31 treated with PTX. KFr13Tx with PTX (gray broken line), KFr13Tx without PTX (gray solid line), KFr13Tx expressing miR-13 with PTX (black broken line), KFr13Tx expressing miR-13 without PTX (black solid line). \**P*\<0.05, log-rank test. (**b**, top graph) Effect of combination treatment of MET inhibitor and PTX on KFr13Tx cells *in vivo*. Average of the weight of tumor in flank of mice. Open bar indicates no treatment, closed bar as PTX alone, hatched bar as combination of both PTX and MET inhibitor SU11274. \**P*\<0.05, unpaired one-tailed *t*-test. (**b**, bottom graph) Survival of mice with intraperitoneal injection of KFr13Tx with no treatment, PTX alone, and both PTX and SU11274. Kaplan--Meier curves, \**P*\<0.05, log-rank test.](oncsis20133f4){#fig4}

![miR-31 expression decreased with chemosensitivity to PTX in human ovarian cancers. (**a**) Expression levels of miR-31 in human ovarian cancers were analyzed by real-time PCR. Cases 1--6 are chemosensitive and cases 7--12 are chemoresistant to taxane/platinum reagents. \**P*\<0.05, unpaired one-tailed *t*-test. (**b**) Prognosis of patients of ovarian cancers classified as miR31-high (solid line) and miR31-low (broken line) group. Kaplan--Meier curves for seven FIGO stage IIIc human primary ovarian cancers depicting overall survival, stratified based on miR-31 level. \**P*\<0.05, log-rank test. CBDCA, carboplatin; PTX, paclitaxel. Median follow-up=67 months. (**c**) Correlation of expression levels of miR-31 and immunohistochemical reactivity of MET. IHC score, immunohistochemistry score. Representative results of IHC with scores 4, 5 and 6 are shown as photographs, × 400; \**P*\<0.05, single regression analysis.](oncsis20133f5){#fig5}

###### Chemosensitivity and clincal features of human ovarian cancer

  *Case*        *Age*    *Histology*   *FIGO stage*   *Primary debulking surgery*   *Response to chemotherapy*   *Regimen*
  ------------- ------- ------------- -------------- ----------------------------- ---------------------------- -----------
  *sensitive*                                                                                                   
  1             42         serous          IIIc               suboptimal                        PR                  TC
  2             47         serous          IIIc               suboptimal                        PR                  TC
  3             47         serous          IIIc               suboptimal                        PR                  TC
  4             52         serous          IIIc               suboptimal                        PR                  TC
  5             51         serous           IV                suboptimal                        CR                  TC
  6             66         serous           IV                suboptimal                        PR                  TC
                                                                                                                      
  *resistant*                                                                                                   
  7             38         serous          IIIc               suboptimal                        SD                  TC
  8             53         serous          IIIc               suboptimal                        SD                  DC
  9             54         serous          IIIc               suboptimal                        SD                  TC
  10            67         serous          IIIc               suboptimal                        PD                  TC
  11            52         serous           IV                suboptimal                        SD                  TC
  12            51         serous           IV                suboptimal                        PD                  DC

Abbreviations: CR, complete response; DC, docetaxel+carboplatin; PD, progressive disease; PR, partial response; SD, stable disease; TC, paclitaxel+carboplatin. Suboptimal, \>1 cm of residual disease.

[^1]: Current address: Biotechnology program, Zoology Department, Faculty of Science, PS U; Port Said University, Port Fouad, Port Said, Egypt.
